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Abstract. Holz & Wheeler (2002) have recently proposed that a Schwarzschild black hole may act as a retro-lens 
which, if illuminated by a powerful light source, deflects light ray paths to large bending angles and a series of 
luminous arcs (or rings in the case of aligned objects) centered on the black hole may form. Obviously, the most 
convenient geometry to get retro-lensing images would be that of a very bright star close to a massive black 
hole, say the putative ~ 4 x 10® M© black hole at the galactic center. Recent observations of the galactic center 
region in the if-band have revealed the presence of a very bright main sequence star (labelled S2) with mass ~ 15 
M0 orbiting at close distance (130 — 1900 AU) from Sgr A*. The relatively vicinity of S2 to the central massive 
black hole may offer a unique laboratory to test the formation of retro-lensing images. The next generation of 
space-based telescopes in the K-hand (like NGST) may have high enough limiting magnitude necessary to observe 
such retro-lensing images. 
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1. Introduction 

It is well known that a dark object moving close to the 
source-observer line of sight acts as a gravitational lens, 
causing the formation of two or more images of the source. 
If the images can not be resolved, the lensing phenomenon 
results in an overall source image magnification, to which 
one refers as gravitational microlensing event. However, 
the geometry of the lensing phenomena may also be dif- 
ferent with the observer (source) in between the source 
(observer) and lens line of sight. 

Recently, Holz & Wheeler (2002) have proposed that a 
Schwarzschild black hole may act as a retro-lens (or retro- 
MACHO) that deflects the source light ray paths to so 
large bending angles that emerging photons may reach 
the observer (in the middle between the source and the 
lens). The shape and the magnitude of the formed im- 
ages (arcs, becoming rings in the perfect alignment case) 
strongly depends on the mass of the black hole and on the 
relative distances between the observer, the lens and the 
source. In particular, in the perfect alignment case, after tt 
rotations around the black hole, photons if collected form 
a series of circular rings. More recently, the generalization 
of the retro-lensing effect due to Kerr black holes has been 
analyzed by De Paolis et al. (2003). 



Holz & Wheeler (2002) considered the Sun as the light 
source which emits photons towards a stellar black hole 
at distance Dl and then evaluated the magnitude of the 
formed retro-lensing images. In the most suitable case (i.e. 
perfect alignment between the source, the observer and the 
lens) the maximum distance at which the retro images can 
be seen by an instrument with limiting magnitude m is 



Dl, = 0.02pc X 



10(™-3°)/=^-^(AfBH/10 MqY 



1/3 



(1) 
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for an assumed image baseline of magnitude m ~ 30. 

However, since we do not expect massive black holes 
lying so close to the Earth, we can say that making a 
survey for retro-MACHOs illuminated by the Sun might 
not be a successful strategy. 

A better idea is to look towards well known black holes, 
for example at the galactic center which is thought to host 
a super massive black hole (Sgr A*) with mass Mbh — 
4.07 X 10*^ Mq (Ghez et al. 2003). Moreover, to have a 
chance to really detect retro-lensing images, one should 
also consider a very bright star close to Sgr A* as the 
light-source. 

Indeed, if the Sun is the light source and Sgr A* is 
the considered black hole, the magnitude of the formed 
absorbed retro-images turns out to be my ~ 100 (~ 47 if 
absorption in the V band is not taken into account). 
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Nowadays, large ground and space-based telescopes al- 
low to obtain an unprecedent view of the galactic cen- 
ter, in terms of both sensitivity and angular resolution, so 
that individual stars can be monitored within 1" from the 
galactic center. In this respect, Ghez et al. (2003) have 
announced the observation of a bright star, labelled S2, 
orbiting in close proximity to the massive black hole at 
the center of the Galaxy. 

The aim of this letter is to show that the binary system 
S2-Sgr A* may offer a unique opportunity to study the 
retro-lensing phenomenon proposed by Holz & Wheeler 
(2002), taking advantage of both the large black hole mass 
and the small separation of the binary components. 



2. S2-Sgr A* binary system 

Very recently, Ghez et al. (2003) have observed a star or- 
biting in close proximity to the galactic center massive 
black hole. The orbital parameters of the binary system 
are given in Table 1. The star, which has been labelled as 
S2, with mass Ms2 ~ 15 Mq, appears to be a main se- 
quence star, probably an 08-BO dwarf with surface tem- 
perature ~ 3 X 10^ K and bolometric luminosity ~ 10^ Lq. 
In order to evaluate the magnitude of the retro-image we 



S2-Sgr A* orbital parameters 



Mbh 


4.07 X 10" Mq 


Ms2 


15 Mq 


Rs2 


5.8 Rq 


a 


4.87 X 10"^ pc 


e 


0.87 


P 


15.78 yr 


i 


47.3 deg 



Table 1. The masses A/bh and Ms2 of the galactic center 
black hole and S2 orbiting star are given. The remaining orbital 
parameters are the S2 star radius -Rs2, the semi-major axis a, 
the eccentricity e, the orbital period P and the inclination angle 
i. Data are taken from Ghez et al. (2003). 



where Dql and Dqs are the observer-lens and the 
observer-source distances, with 



Dos{t) - [Dls + + 2DlsDol cos 5) 



1/2 



(3) 



Here, Dql — 8 kpc and Dls is the distance between the 
lens and the source, i.e. for the considered elliptic orbit 

a(l-e2) 



DLsit) 



1 4- ecos0(i) ' 



(4) 



being = + (/)o and = [G'(A/bh + Ms2)la?Y/'^. The 
angle 5 appearing in Eq. (3) is the deflection angle, as 
measured at the lens, needed for a source photon to reach 
the observer, i.e. 



m 



cos 



si-zd 



= TT — cos 



DlsDol 

Therefore, the angle f3 turns out to be 

r)u\ -i + Dls COS S 

P[t) = TT — COS 



(cos sin i) 



Dos 



(5) 



(6) 




Fig. 1. The geometry of the S2-Sgr A* binary system retro- 
lensing phenomenon: photons are emitted by the source S (the 
star S2), moving on an elliptic orbit (on the X — Y plane) 
around the central galactic black hole in L. The emitted pho- 
tons go towards the lens, which lies in one of two foci of the 
ellipse, and after deflection by the angle 5 reach the observer 
in O. 



need to calculate the magnification factor /x by considering 
the geometry of the S2-Sgr A* binary system. Referring to 
Fig. 1, we consider the S2 source which is moving around 
the black hole (at the center of the reference frame) on 
an elliptic orbit with semi-major axis a and eccentricity 
e. Let be i the inclination angle of the orbital plane with 
respect to the observer (lying the X — Z plane), and de- 
fine the misalignment angle /? as the angle between the 
source-observer line SO and the observer-lens line oZ, as 
measured at the observer. Hence, the misalignment angle 
P is given by 



DosDoL 



(2) 



In the case of the S2 star, photons retro-lensed by Sgr 
A* would form two images, of angular extent AO ~ 
2tan~^ (i?S2/i?os sin/3), being i?s2 the S2 radius. Since 
lensing conserves the surface brightness, the total image 
amplification is given by the ratio between the fraction 
of sky covered by each image to that covered by the source 
disk as seen by the observer. 

Thus, following Holz & Wheeler (2002), one gets for 
the brighter (B) and fainter (F) image the amplification 
factors 



MB,F^ [6^(e)-6,2(e)] tan 



RS2 



\Dos sin (3 J nDj.rR'^ 



^os 



,(7) 



where, for a given deflection angle 0, 6o(0) and bi{Q) are 
the photon impact parameters corresponding to the inner 
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and outer radii of the images, respectively. Finally, the 
total amplification results to be 



(8) 



It has been shown by Chandrasekhar (1983) that, for 
a Schwarzschild black hole and in the case of large values 
of O, the photon impact parameter is 

6(e) =bc + bde-^ , 



(9) 



where 
be = 3\/3 



GMbh 



6, = 648e-v^2^f^' 
c2 I \/3 + 1 



(10) 



Since the angular extent of the S2 disk with respect 
to Sgr A* is a ~ Rs2/ D^sit): the bending angles for the 
brighter and fainter images are Gb — 5 ^ a and Qp = 
27r — 5 =F CK, respectively. 

Consequently, by using Eqs. (7)- (10), it is possible 
to evaluate, for each position of the star S2 along its 
orbit around Sgr A*, the total amplification factor /z of 
the retro-lensing images. The obtained result is shown in 
Fig. 2. It is evident the periodic behavior (with period 
P) of the amplification factor /i, the upper value of which 
(~ 3.75 X 10~^) corresponds to the periastron distance of 
S2. 

The luminosity of the formed arcs is L\ = fJ-L^, be- 
ing the S2 luminosity in the electromagnetic band 
centered at the wavelength A. It follows that the image 
magnitude is 



mx = ml^ - 2.5 log , 



(11) 



being ^ independent on the wavelength. For S2 in the pe- 
riastron position {(f) = and D^s — 130 AU) and for 
the inclination angle i = 47.3°, from Fig. 2 the maxi- 
mum allowed amplification factor is yUmax — 3.75 x 10~^ 
so that the expected minimum image magnitude results 

to be mx min — ITl^ + 16.1. 

Then, as a consequence of the S2 orbital motion the 
amplification factor fi decreases until the minimum value 
Mmin — 1-5 X 10~* is reached, at the furthest distance from 
Sgr A*, corresponding to the maximum image magnitude 
mx max ^ + 19-6. 

Clearly, due to the absorption processes along the line 
of sight, the previous values have to be increased by the 
A-band extinction factor Ax- 

The S2 star has been observed in the if-band (centered 
at 2.2 /zm) with an unabsorbed magnitude of = 13.9 
(Chez et al. 2003). Taking into account the infrared extinc- 
tion factor Ak — 3.3 towards the galactic center (Rieke et 
al. 1989), from Eq. (11) the expected absorption corrected 
ii'-magnitude of the retro-lensing images ^ is 



mx = 17.2 - 2.5 log /i , 



(12) 



^ Since S2 has been classified as a O8-B0 main sequence 
star (Ghez et al. 2003), one expects that the optical band ab- 




t(yr) 

Fig. 2. The amplification factor /i as a unction of time t is 
shown. The calculation has been made by considering the S2- 
Sgr A* orbital parameters given in Table 1. Note that the pe- 
riodic behavior of the curve depends on the S2 orbital motion. 



which for the minimum and max;imum distances of S2 
from Sgr A* (see Fig. 2), gives the values mx mm — 33.3 
and tok max — 36.8, respectively. 

Obviously, in order to detect such retro-images, we 



need instrument with limiting magnitude m>m' 



S2 



Ax- 



+ Ax 



2.5 log /i in which Ax is the A-band extinction factor. 

For the sake of completeness, we mention that assum- 
ing the existence of a star (like S2 and with the same 
orbital parameters) perfectly aligned with the Earth-Sgr 
A* line of sight (0 = 0, i = 7r/2 and [3 — -k), the amplifi- 
cation factor and the corresponding ring magnitude result 
to be //, ^ 8 X 10^^ and m,x — + 7.74, respectively. In 
particidar, in the iiT-band, after correction for the absorp- 
tion, we get a ring magnitude of niK — 21.6, close to the 
present day instrument capabilities. 

In this case the required instrument limiting magni- 
tude to observe the retro-lensing images (rings in this case) 
has to satisfy the relation 



m > m^-|-AA-2.51og 



M 



RsJ DlsDI 



^os 



OL 



.(13) 



solute magnitude is Mv ~ —4.0 (Allen 2000) implying, for 
an assumed obscrver-S2 distance of 8 kpc, the apparent V- 
magnitude rriiP ~ 10.6. Hence, the expected unabsorbed ring 
magnitude is in the range 26.7 — 30.2, depending on the S2 
orbital position. Unfortunately, the ratio of the K toV extinc- 
tion factor is Ak/Av — 0.112 (Rieke & Lebofsky 1985) so that 
the V-hand ring magnitude has to be correct for absorption by 
the factor Ay ^ 29.5. This implies that the S2 retro-image has 
magnitude in the range 56.2 < my < 59.7, i.e. is much fainter 
than in the K-hand. 
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3. Discussion 

Retro-lensing phenomena, i.e. deflections by black holes 
of the light ray paths to large bending angles, have been 
recently proposed (Holz & Whcclcr 2002) as a new way to 
search for black holes ^. However, if one considers the Sun 
as the light source, the limiting distance Dl within which 
a Schwarzschild black hole may show observable effects is 
given by Eq. (1), which assuming M = 10 Mq and m = 30 
gives ~ 0.02 pc. Consequently, due to the lack of any 
massive black holes within this distance, making a survey 
for retro-MACHOs illuminated by the Sun might not be 
a successful strategy. 

A better chance to detect retro-lensing images should 
be looking towards the direction of well known massive 
black holes such as the ~ 4.07 x 10^ Mq one (Sgr A*) at 
the galactic center. 

We have shown that the recently observed bright star 
S2, shining the galactic center black hole, may produce 
retro-lensing images with apparent magnitude given by 
Eq. (11) in which is the S2 star magnitude in the 
A-band and ji the amplification factor given by Eq. (8). 
By taking into account the A-band extinction A\, these 
images may be observed by an instrument with limiting 
magnitude in > rrV^-\-A\ — 2. blogfx which gives, in the K- 
band, m ~ 33.3 at the periastron distance of 82. Since the 
photon impact parameter values ho and bi are very close to 
the Schwarzschild black hole radius value i?sch — 1.2 x 10^^ 
cm, the retro-lensing images form at ~ 20 /iarcsecs from 
Sgr A* implying that extremely high angular resolution 
are required to see the details of the retro-images. 

As we have seen, the expected retro-lensing image 
magnitude turns out to be m ~ 33 in the K-himA for 
S2 in the pericenter position. Of course, present instru- 
mentations have not the right capability to detect such 
faint images. SIRTF (Space Infrared Telescope Facility), 
a space based telescope operating in the electromagnetic 
band 3 — 180 jim (National Research Council 2001), will 
allow to detect, with an integration time of 3 hours, a 
flux $ ~ 10~^^ erg cm^ s~^ corresponding to a limiting 
magnitude of m ~ 22. Hence, SIRFT has not the required 
sensitivity to detect the S2 retro-images in the i^-band. 
The attainable limiting magnitude will increase with the 
Next Generation Space Based Telescope (NGST) which, 
planned to work in the wavelength range 0.6 — 27 /im 
(National Research Council 2001), is expected to have a 
sensitivity at least 3 order of magnitude (at 2.2 /xm) better 
than SIRFT. In fact, the energy flux (in a band centered 
at 2.2 jjim) that NGST is able to detect, within an integra- 
tion time of 3 hours, is $ ~ 2 x 10~^^ erg cm^ s~^ which 
corresponds to a limiting magnitude to ~ 32. This limit- 
ing magnitude is very close to that necessary to observe S2 
retro-lensing images that could be effectively observed by 
NGST increasing the integration time to about 27 hours. 



We have also to mention that, in addition to look to- 
wards Sgr A* in the K band, another possibility to ob- 
serve retro-lensing images in the future may be offered by 
X-ray observations. Indeed, due to X-ray interferometry 
from space, the next generation of X-ray telescope facili- 
ties may reach an angular resolution down to 0.1 /larcsec 
(see e.g. MAXIM (2003) and Constellation X (2003)) . 
Clearly, the problem is the existence of a bright enough 
X-ray source closely shining the Sgr A* black hole (S2, 
being a main sequence star, does not emit substantially in 
the X-ray band). Indeed, the galactic center region hosts a 
large number of X-ray emitting neutron stars or accreting 
black holes most of which are detected in the energy range 
2-10 keV with a luminosity 10^^ - 10^^ erg s~^ (Wang et 
al. 2002, Pessah & Meha 2003). Therefore, in the future 
the detection of retro-lensing images in the X-ray band 
may be a challenging possibility. 

A natural question that arises is what changes if the 
black hole at the galactic center is a Kerr black hole. 
Recently, the generalization of the retro-lensing effect due 
to rotating Kerr black holes has been analyzed by De 
Paolis et al. (2003). Apart a minor effect in changing the 
value of the magnitude of the retro-lensing images, the 
black hole spin produces a deformation of the image shape 
since co-rotating and counter-rotating photons have closer 
and further impact parameters, respectively (Peter 1976, 
Bray 1986). The analysis of the retro-image shape may 
therefore allow to specify the geometry of the system and 
measure the spin parameter of the black hole. 

References 

Allen C.W., 2000, Allen's Astrophysical Quantities, ed. Cox A. 

N., Springer Press, New York 
Bray I., 1986, Phys. Rev. D. 34, 367 

Capozziello S., de Ritis R., Mank'o V. I., Marino A. A. & 

Marmo G., 1997, Physica Scripta, 56, 212 
Chandrasekhar S., 1983, Mathematical Theory of Black Holes, 

Clarendon Press, Oxford. 
Constellation X web page at: http://constellation.gsfc. 

nasa.gov 

De Paolis F., Geralico A., Ingrosso G. et al., 2003, submitted 

to A&A 

Ghcz A.M., Duchene G., Matthews K, ct al., 2003, ApJ 586, 
L127 

Holz D.E. & Wheeler J.A, 2002, ApJ 57, 330 
MAXIM web page at: http://maxim.gsfc.nasa.gov/ 

National Research Council, 2001, Astronomy and Astrophysics 
tn the New Millenmurn, Nat. Ac. Press, Washington D.C. 
Pessah M. & Molia P., 2003, ApJ 585, L29 
Peter J.Y., 1976, Phys. Rev. D., 14, 3281 
Rieke G.H., Rieke M.J. & Paul A.E., 1989, ApJ 336, 752 
Rieke G.H. & Lobofsky L.A., 1985, ApJ 288, 618 
Wang Q.D., Gotthelf E.V. & Lang C.C., 2002, Nature 415, 148 



^ A somehow related idea has been proposed by Capozziello 
et al. (1997) who considered the effect of defocusing gravita- 
tional lensing. 



